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A protein, Vp130, that interacts with the host cell wall was isolated from Chlorovirus CVK2. From its peptide sequence, the gene for
Vp130 was identified on the PBCV-1 genomic sequence as an ORF combining A140R and A145R. In Vp130, the N-terminus was somehow
modified and the C-terminus was occupied by 23–26 tandem repeats of a PAPK motif. In the internal region, Vp130 contained seven repeats
of 70–73 amino acids, each copy of which was separated by PAPK sequences. This protein was well conserved among NC64A viruses. A
recombinant rVp130N protein formed in Escherichia coli was shown not only to bind directly to the host cell wall in vitro but also to
specifically bind to the host cells, as demonstrated by fluorescence microscopy. Because externally added rVp130N competed with CVK2 to
bind to host cells, Vp130 is most likely to be a host-recognizing protein on the virion.
D 2003 Elsevier Inc. All rights reserved.Keywords: Chlorovirus; Cell wall-binding protein; Vp130; N-terminal modification; C-terminal repetitive regionIntroduction
Members of the genus Chlorovirus or the Chlorella
viruses are large icosahedral, double-stranded DNA-con-
taining viruses that infect certain strains of the unicellular
green alga Chlorella (Van Etten, 2000; Van Etten et al.,
1991). These viruses belong to the family Phycodnaviridae
and are ubiquitous in natural environments (Van Etten et al.,
1991; Yamada et al., 1991). In the normal lytic cycle of
chloroviruses, virus particles attach to the surface of host
Chlorella cells by one of the vertices and degrade the cell
wall at the point of attachment. Then, the viral core is
released into the host cytoplasm, leaving an empty capsid on
the cell wall (Van Etten et al., 1991). Although a few
polysaccharide-degrading enzymes that are possibly in-
volved in host cell wall digestion have been found in viral
structural proteins (Hiramatsu et al., 1999; Sun et al., 1999;
Yamada et al., 1997), their arrangement on the virion and
the mechanism of how they interact with the host cell wall
are completely unknown.0042-6822/$ - see front matter D 2003 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2003.10.030
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E-mail address: tayamad@hiroshima-u.ac.jp (T. Yamada).The chloroviruses so far isolated infect either Chlorella
strain NC64A (NC64A viruses) or Chlorella strain Pbi (Pbi
viruses). NC64A viruses do not infect strain Pbi and strain
NC64A does not serve as a host for Pbi viruses (Van Etten et
al., 1991). Recently, Chuchird et al. (2001) revealed that
Chlorella sp. SAG-241-80, a laboratory host of Pbi viruses,
to which NC64A viruses do not attach, is sensitive to
digestion with polysaccharide-degrading enzymes encoded
by CVK2, a NC64A virus isolated in Kyoto, Japan. This
result suggests that the general structure and sugar compo-
sition of the cell wall are similar between both strains and
that the host selectivity of chloroviruses may depend solely
on a minor structural difference of some receptor molecules
on the cell wall. Meints et al. (1988) predicted that such a
virus receptor would be a carbohydrate that is unaffected by
treatment with cellulase and pectinase but is destroyed by an
enzyme preparation from chlorovirus lysates. Whatever
substance the receptor is, its structural difference should
be specifically discriminated by some proteins on the
surface of the virion. Such receptor-binding proteins are
most likely located at each icosahedral vertex or at a unique
vertex, because virus particles usually attach to the host cell
wall by a vertex. Cryo-electron microscopy and three-
dimensional image reconstruction of PBCV-1, the prototype
of Chlorovirus, indicated that the capsid shell consists of
1680 donut-shaped trimeric capsomers plus 12 pentameric
Table 1
Specific binding of Vp130 to CWMa
Relative band intensity (%)
Vp130 Vp120 Vp80 Vp65 Vp60
Lane 1 100 100 100 100 100
Lane 3 7 64 74 88 86
Lane 4 60 32 37 21 16
a The data summarizing the results are shown in Fig. 1.
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Each pentamer (approximately 7 nm in diameter) has a
cone-shaped, axial channel at its base and one or more
proteins appear below the axial channel and outside the
inner membrane (Van Etten, 2003). These proteins may be
responsible for the recognition and digestion of the host cell
wall during infection.
In the present study, we were interested in identifying
and characterizing a chloroviral protein that plays a major
role in the recognition of receptor molecules on the host cell
wall. We found Vp130 to be a host-recognizing protein
conserved among chloroviruses.Results
Detection of cell wall-binding viral proteins
Cell wall materials (CWM) were prepared from Chlorel-
la strain NC64A cells as previously described (Sugimoto et
al., 2000). After the cell wall preparation was mixed with
solubilized CVK2 proteins for 5–10 min at room temper-
ature, proteins bound to the cell wall were precipitated by
centrifugation and subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). The
results, shown in Fig. 1, indicated that several proteins of
130, 120, 80, 65, and 60 kDa (Vp130, Vp120, Vp80, Vp65,
and Vp60, respectively) were coprecipitated with the cell
wall, and one of these, Vp130, was solely recovered in the
cell wall-binding fraction.Fig. 1. Detection of CVK2 cell wall-binding proteins. Solubilized CVK2
proteins were treated with cell wall materials (CWM) prepared from cells of
Chlorella strain NC64A. Proteins separated by SDS-PAGE were stained
with a silver staining kit. Lanes: 1, CVK2 proteins; 2, cell wall materials
(CWM); 3, supernatant after treatment with CWM; 4, pellet with CWM; 5,
molecular mass markers. Five proteins coprecipitated with CWM are
indicated by arrows on the left. The intensity of each band is compared in
Table 1. The molecular mass markers are an LMW calibration kit
(Amersham Bioscience).To quantify and compare the intensity of each band, the
SDS-PAGE protein separation patterns of Fig. 1 were
analyzed by using an ImageGage ver. 3.12 software (Fuji
Film, Tokyo, Japan). The results shown in Table 1 con-
firmed that Vp130 was specifically recovered in the cell
wall-bound fraction. In the SDS-PAGE gel, Vp130 gave a
diffuse band in contrast to the other bands (Fig. 1, lane 4),
suggesting an unusual nature of this protein. To identify
the gene encoding Vp130 on the PBCV-1 genome, Vp130
separated in a SDS-PAGE gel was blotted onto a PVDF
nylon membrane and subjected to N-terminal peptide
sequencing. However, repeated experiments failed to ob-
tain amino acid degradation products, and thus the N-
terminus of this protein may be somehow modified.
Therefore, Vp130 was treated with CNBr and the resulting
three bands (80, 51, and 50 kDa) were separated by SDS-
PAGE and analyzed for their N-terminal amino acid
sequences. The sequence KVAAN was obtained for the
51-kDa fragment. This amino acid sequence was used to
identify an ORF from the PBCV-1 sequence (GenBank
U42580).
Identification of the gene for Vp130
A search through the PBCV-1 sequence data for the
sequence KVAAN only produced ORF A140R containing
the corresponding sequence. However, A140R is 646 aa
and is too small to be Vp130. On the PBCV-1 genome,
A140R is very close to another ORF (A145R) in the same
orientation (Fig. 2A). To check the nucleotide sequence
covering the two ORFs, a fragment of approximately 3.4
kbp was amplified by polymerase chain reaction (PCR)
with PBCV-1 DNA as template using a set of primers as
indicated in Fig. 2A. The newly determined nucleotide
sequence (DDBJ accession No. AB121444) contained two
nucleotide additions; C at position 1898 and G at position
2172 (Fig. 2A), which made the original stop codon (TAG)
of A140R at position 1939 out-of-frame and allowed this
ORF to include the start codon of A145R at position 2374,
resulting in a single ORF. Furthermore, a stretch of 12
nucleotides, CCCGCACCTAAA, was added at position
3388 (Fig. 2A), making the ORF to be 1135 aa. This
ORF size almost coincided with that observed for Vp130.
Then the same primers were used in PCR to obtain the gene
for Vp130 from CVK2. A 3.4-kbp CVK2 DNA fragment
was amplified, cloned, and sequenced (DDBJ Accession
No. AB112428). The deduced amino acid sequence of
Fig. 2. Identification of the gene for Vp130 on the PBCV-1 genome (A) and comparison of the deduced amino acid sequences of Vp130 between PBCV-1 and
CVK2 (B). The map in the upper part (A) shows the positions of newly found insertions and start and stop codons of the two ORFs. The PCR primers used to
amplify the gene for Vp130 and the position of a pentapeptide (KVAAN) are shown along the PBCV-1 genome (A). The repeated PAPK sequences and seven
tandem repeats (1–7) are indicated by green and pink boxes, respectively, in B.
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The CVK2 protein is 8 aa smaller than the PBCV-1 Vp130,
which is caused by a difference in the number of repetitions
of a PAPK sequence at the C-terminal region, namely 23
repetitions in CVK2 and 25 repetitions in PBCV-1 Vp130.
In the remaining part, 95.5% identity of the amino acid
sequences was seen between the two proteins. Interestingly,there are seven repetitions of a 70–73-aa sequence motif, of
which the sixth copy is a little smaller (59 aa). The
repetitive units are connected by 1–2 copies of a PAPK
sequence. Among the repetitive elements, the fourth, fifth,
and seventh copies showed relatively higher homologies to
each other. Chou–Fasman secondary structure analysis
revealed a characteristic repetition of h-sheets and a-helices
Fig. 4. Northern hybridization of RNA isolated from virus-infected
Chlorella cells at various pi. Total RNA isolated from CVK2-infected
Chlorella strain NC64A cells was hybridized with a 32P-labeled DNA
fragment probe, the same as that used in Fig. 3. The major hybridizing band
of 3.4 kb is indicated by an arrow on the right. The positions of the size
markers are shown on the left.
H. Onimatsu et al. / Virology 319 (2004) 71–8074in each repetitive unit. Homology searches revealed no
significant corresponding proteins in the databases.
Conservation of Vp130 among chloroviruses
Because Vp130 is a cell wall-binding protein and may be
responsible for host recognition, we were interested in its
conservation between NC64A viruses and Pbi viruses.
When EcoRI fragments of genomic DNAs from 13
viruses randomly selected from chloroviruses (NC64A
viruses) isolated in Japan and Brazil (Yamada et al., 1991,
1993) were probed with a 1.5-kbp PstI/SacI fragment of the
CVK2 Vp130 gene, which contained a 5V portion and
lacked a 3V-repetitive region of the gene, in Southern
blotting hybridization, three types of signals appeared: 10
gave a 4.36-kbp hybridizing signal like CVK2, 3 bore a
9.42-kbp signal like PBCV-1, and 1 showed a single 7.5 kbp
band (Fig. 3). Interestingly, CVHR1 showed both 4.36- and
9.42-kbp bands. The biological significance of these differ-
ences is not known. In any case, genomic DNAs of all the
NC64A viruses hybridized with the Vp130 probe, indicating
a conservation of this protein among them. In contrast to
this, three Pbi viruses isolated from Galway and Paris did
not show any hybridization signal in Southern blotting
analysis with the same probe (data not shown). Therefore,
Vp130 of Pbi viruses, if present, is not similar to that of
NC64A viruses at least with respect to the nucleotide
sequence.
Expression of the Vp130 gene during chlorovirus infection
To determine when the Vp130 gene is transcribed
during viral infection, total RNA was extracted fromFig. 3. Southern hybridization of genomic DNAs isolated from 15 different
chloroviruses. EcoRI fragments of viral genomic DNA were probed with a
1.5-kbp PstI/SacI fragment of the CVK2 Vp130 gene which contained a 5V
portion and lacked the PAPK repetitive region of the gene. Lanes: 1, CVH1;
2, CVHR1; 3, CVKA1; 4, CVBR1; 5, CVA1; 6, CVNI1; 7, CVNA1; 8,
CVIK1; 9, CVTS1; 10, CVSE1; 11, CVO1; 12, CVNG1; 13, CVKR1; 14,
PBCV-1; 15, CVK2. The positions of the size markers are shown on the
left. The main hybridizing bands of 9.42 and 4.36 kbp are shown by arrows
on the right.CVK2-infected Chlorella NC64A cells at various times
postinfection (pi) and analyzed by Northern blotting hy-
bridization with the same 1.5-kbp fragment used in the
Southern blotting analysis as a probe. The result, shown in
Fig. 4, indicates that a major transcript of approximately
3.4 kb first appeared at 90 min pi and remained up to 360
min pi (data not shown). The size of 3.4 kb just coincided
with that expected for the combined ORF. The transcript
accumulated to the maximum level at 120 min pi, after
which the level gradually decreased. This pattern of
transcription is typical of late expression and similar to
those of the major capsid protein (Graves and Meints,
1992), chitosanase (Yamada et al., 1997), and Vp260
(Chuchird et al., 2002), all of which are incorporated into
the virion. This expression pattern was essentially the same
when PBCV-1-infected Chlorella cells were analyzed (data
not shown).
Production of Vp130 protein in Escherichia coli cells and
cell wall-binding assay
When a 3.4-kbp SmaI/NotI CVK2 DNA fragment con-
taining the entire ORF for Vp130 was inserted in-frame
into pGEX-4T-3 to produce a glutathione-S-transferase
(GST) fusion protein (pVp130) and introduced into E. coli
BL21, the expected protein was not accumulated in bacte-
rial cells even under induced conditions. Because this may
have been caused by the presence of a long repeat of PAPK
at the C-terminus, a 0.7-kbp fragment of pVp130 that
contained all the PAPK repeats was excised by digestion
with EcoT22I and NotI. The resulting pVp130 was closed
with T4-DNA ligase after being filled-in with T4-DNA
polymerase and introduced into E. coli BL21. The new
plasmid, spVp130N, resulted in abundant accumulation of
a GST fusion protein of approximately 116 kDa in induced
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treated with thrombin to release the viral protein (rVp130N)
for cell wall-binding assays. When rVP130N was mixed
with the cell wall materials as described above, it was
solely coprecipitated with the cell wall (Fig. 5C, lanes 6
and 7). Similarly, the GST-rVp130N fusion protein even
bound to the cell wall (Fig. 5C, lanes 3 and 4). These
results indicate that Vp130 is an actual cell wall-binding
protein and that the binding activity is retained within
rVp130N containing only an N-portion. In other words,
either the N-modification or the PAPK repeats at the C-
terminus seen in the original protein is not essential in the
binding activity. The artificial modification of the N-termi-
nus (GST fusion) did not affect the cell wall-binding
activity.
Detection of Vp130-like proteins in various chloroviruses
Detection of Vp130-like proteins in virus particles of
various viruses including NC64A viruses and Pbi viruses
was performed by Western blotting analysis. A specific anti-
Vp130 antibody was raised in mice against a purified
rVp130N. As expected, this antibody specifically detected
the 130-kDa protein of CVK2 separated by SDS-PAGE (Fig.
6B, lane 2), confirming that the rVp130N formed in E. coli
exactly corresponds to the original 130-kDa protein. Al-
though the protein separation pattern in SDS-PAGE wasFig. 5. Production of a GST-rVp130N fusion protein (A) in E. coli cells (B) and ce
was fused to a GST fragment (26 kDa) on pGEX-4T-3. (B) A GST-rVp130N fu
pVp130N. After separation by SDS-PAGE, proteins were stained with Coomassie
induction with IPTG; 2, soluble fraction after centrifugation of the E. coli protei
Sepharose 4B affinity column. The positions of the size markers are shown on the
the GST-rVp130N fusion protein by treatment with thrombin. After treatment wit
with Coomassie blue. Lanes: 1, CWM; 2, purified GST-rVp130N fusion protein; 3,
GST-rVp130N with CWM; 5, rVp130N after treatment with thrombin; 6, supernata
CWM. The positions of GST-rVp130 (116 kDa) and rVp130 (90 kDa) are indicaconsiderably different from virus to virus, as seen in Fig.
6A, the antibody consistently detected a 130-kDa band in all
the viruses tested (Fig. 6B), even in a Pbi virus (Fig. 6B, lane
3). The other two Pbi viruses tested (CVSN1 and CVSN2
isolated from Paris) also showed similar results (data not
shown). These results indicate that NC64A viruses possess a
well-conserved Vp130 as a cell wall-binding protein and that
such a protein is also contained in Pbi viruses even if its gene
nucleotide sequence is somewhat different from that of
CVK2 Vp130.
Binding of rVp130N to host Chlorella cells
Direct binding of rVp130N to the surface of Chlorella
cells was examined by immunofluorescence microscopy
using an anti-rVp130N antibody and a FITC-conjugated
anti-mouse IgG antibody. When cells of Chlorella sp.
NC64A and C. prototechoides 211-6, both of which serve
as a host of CVK2, were treated with rVp130N, strong
FITC signals were detected as spots on the cell surface
(Figs. 7B and C). Such spots were not seen on the cells
without rVp130N treatment (Fig. 7A). Chlorella sp. SAG-
241-80 cells, that are a host of Pbi viruses but not of
NC64A viruses, and C. vulgaris C-169 cells, that are not
a host of either virus, showed no signals for bound
rVp130N (Figs. 7D and E). These results indicate that
rVp130N of CVK2 specifically binds only to the surfacell wall-binding assays (C). (A) An N-portion of Vp130 (rVp130N, 90 kDa)
sion protein of 116 kDa was accumulated in E. coli BL21 cells harboring
brilliant blue. Lanes: 1, total proteins of E. coli BL21 with pVp130N after
ns shown in lane 1; 3, pellet fraction; 4, protein purified by a glutathione-
left. (C) Cell wall-binding assays of rVp130N. rVp130N was released from
h CWM, coprecipitated proteins were separated by SDS-PAGE and stained
supernatant of GST-rVp130N after incubation with CWM; 4, coprecipitated
nt of rVp130N after incubation with CWM; 7, coprecipitated rVp130N with
ted by arrows on the right.
Fig. 6. Western blotting analysis of total proteins from various chloroviruses.
Proteins separated by SDS-PAGE (A) were blotted onto a nylon membrane
and treated with the anti-rVp130N antibody (B). The positions of the size
markers are shown on the left. The detected signals are indicated by arrows
on the right. Lanes: 1, PBCV-1; 2, CVK2; 3, CVGW1; 4, CVBR1; 5,
CVHA1; 6, CVA1; 7, CVHR1; 8, CVIK1; 9, rVp130N of CVK2.
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that Vp130 could be a specific host-recognizing protein
on the virion.
Inhibition of viral attachment to the host cells by rVp130N
and inhibition of CVK2 infection by anti-rVp130N antibody
As seen above, rVp130N purified from E. coli cells
specifically binds to host Chlorella cells, and thus we
examined the inhibitory effects (competition) of rVp130N
on the binding of CVK2 to the host. When cells of Chlorella
strain NC64A (2  106 cells) were treated with various
amounts of rVp130N and then added with CVK2, virus
adsorption was inhibited to a certain extent, as shown in
Table 2. At 190 Ag/2  106 cells, rVp130N inhibited the
adsorption of CVK2 by approximately 38%. In some experi-
ments, BSA at various concentrations was added instead and
showed no effects on CVK2 binding. The inhibitory effect
was more drastic when CVK2 particles were first treated
with anti-rVp130N antibody and thereafter infected to host
cells. At 90 Ag/100 virus particles, the antibody blocked
virus infection almost completely (94%) (Table 3). Theantibody also inhibited infection of CVGW1 to the SAG-
241-80 strain, although at a lower efficiency: 200 Ag/100
virus particles led to 43% inhibition. Therefore, Vp130 on
the surface of viral particles directly interacts with the host
cell wall and externally added rVp130N competes with
viruses for receptor molecules on the cell wall. In other
words, chloroviruses use Vp130 to recognize and bind to
host cells. In addition, a Vp130-like protein of CVGW1, a
Pbi virus, shares a common structure with CVK2 Vp130,
which is recognized by the antibody, but on the other hand, it
contains a unique structure that specifically interacts with
host receptors.Discussion
In this study, Vp130 was shown to be a specific cell
wall-binding protein on chlorovirus particles. Because
viruses attach to the surface of host cells by one of the
vertices of the icosahedral particles and externally added
rVp130N competes with CVK2 for binding to the host
cells, Vp130 should occupy a position at the vertices of the
particles. Based on cryo-electron microscopy and three-
dimensional image reconstruction of PBCV-1 (Yan et al.,
2000), 12 pentamer capsomers exist at the 5-fold vertices.
Each pentamer has a cone-shaped axial channel at its base.
One or more proteins appear below the axial channel and
outside the inner membrane. These structures may be
involved in host recognition and subsequent digestion of
the cell wall, and Vp130 most likely participates there as a
structural and functional component. In this context, the
characteristic features of Vp130 are noteworthy including
some modification at the N-terminus, PAPK repeats at the
C-terminus and seven tandem repeats of 70–73 aa (Fig. 2).
Vp130 is not a heavily glycosylated protein because it was
not stained with Schiff’s reagent (data not shown), and
there is no signal for myristylation (MGxxxSC) at the N-
terminus (Fig. 2). The nature of the N-terminal modification
is not known. The C-terminal PAPK repeats are not
necessary for interaction with the cell wall because func-
tional rVp130N actually lacks this region. This motif may
contribute to forming a unique structure necessary in the
interaction with other proteins, which is likely to be a cause
of instability in E. coli cells. PAPK repeats are often seen in
chloroviral proteins, for example, DNA-binding protein
Vp73-42 (Yamada et al., 1996), cell wall-digesting enzyme
vAL-1 (Sugimoto et al., 2000), and several ORFs on the
PBCV-1 genome (Van Etten and Meints, 1999). In those
proteins, PAPKs seem to appear in a region connecting
structural domains, which is also the case in Vp130 itself
except for the large C-terminal repeats: seven tandem
repeats of 70–73 aa motifs are connected to each other
by one or two PAPKs (Fig. 2). Such a large repetition was
also reported in another structural protein, Vp260, where a
61–65-aa repeat is repeated 13 times in a tandem array
(Chuchird et al., 2002; Que et al., 1994). Each repeat unit in
Fig. 7. Specific binding of rVp130N to host Chlorella cells. Cells of various Chlorella strains were observed under a fluorescence microscope after treatment
with rVp130N. Anti-rVp130N antibody and FITC-conjugated anti-mouse IgG antibody. Bound rVp130N was detected as green-yellow spots around the cells.
Cells showed red-colored autofluorescence due to the presence of chlorophylls. (A) Cells of Chlorella strain NC64Awithout rVp130N-treatment (control); (B)
NC64A cells treated with rVp130N; (C) cells of C. prototechoides 211-6 treated with rVp130N; (D) cells of Chlorella strain SAG-241-80; (E) cells of C.
vulgaris C-169. Scale bar represents 10 Am.
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sheets and a-helices, which are likely to contribute to
building up a well-regulated structure of the protein. In
addition to Vp130, four other proteins (Vp120, Vp80,Table 2
Inhibition of viral adsorption to host cells by rVpl30N
Amount
(Ag/2  106cells)
Plaque number
appeared
Inhibitiona
(% of control)
0 8 5
11.4 16 10
38 40 24
190 64 38
Controlb 168 (100)c
Cells of Chlorella strain NC64A (210 cells ) were treated with various
amounts of rVp and then added with CVK2 (approximately 200 pfu). After
precipitating the cells, unbound viruses were assayed by plaque formation.
a Plaques that appeared on the assay plate were compared with the control.
b The virus was assayed without adsorption experiment.
c With 100% inhibition, 168 plaques (unbound) should appear.Vp65, and Vp60) are found to bind to the cell wall (Fig.
1). It will be interesting to discover whether each of them
interacts with the cell wall by itself or whether they interact
with each other to form a large complex. Vp65 may be a
vChta-1 chitinase possibly involved in cell wall digestion
(Yamada et al., 1997). The remaining proteins are now
under investigation.Table 3
Inhibition of viral infection by anti rVpl30N antibody
Amount
(Ag/100 virus particles)
Plaque number
appeared
Inhibition
(%)
0 170 (100%) 0
23 96 (56%) 44
45 44 (26%) 74
90 10 (6%) 94
CVK2 particles were treated with various amounts of anti-rVpl30N antibody
and subjected to plaque assay with Chlorella strain NC64A as the host.
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of host cells with CVK2-encoded polysaccharide-degrading
enzymes reduced attachment of CVK2 particles to the cells.
From these results, some components on the host cell wall
removed or degraded by the enzymes were suggested to be
involved in the host–virus interaction. Furthermore, Chu-
chird et al. (2001) predicted that receptor molecules (oligo-
saccharides?) on the cell wall would be very similar among
all virus-sensitive Chlorella strains, and that the host-selec-
tivity of chloroviruses may depend solely on minor struc-
tural differences of such receptor molecules. rVp130N
bound to various extents to enzyme-treated cells of Chlo-
rella strain NC64A (data not shown), suggesting that
receptor molecules on the host cell wall were not completely
removed by the enzymes. In any case, rVp130N will serve
as a strong tool for identifying and characterizing receptor
molecules.
The very strict host selection seen between NC64A
viruses and Pbi viruses (Van Etten et al., 1991) is mainly
based on a specific interaction between host receptors and
viral receptor-binding proteins. Therefore, an interesting
finding in this study is that a similar Vp130 is also present
in Pbi viruses. rVp130N of CVK2 did not bind to the cell
wall of SAG-241-80 (Fig. 7), but the anti-Vp130 antibody
bound to a Vp130-like protein of Pbi viruses (Fig. 6B) and
inhibited the infection activity. These results predict a
general similarity and a minor difference in the structure
of cell wall-binding proteins between the two chlorovirus
groups. The minor difference may determine the host
selectivity. By comparing the amino acid sequences of
CVK2 Vp130 and CVGW1 Vp130-like protein, this issue
can be clarified.Materials and methods
Cells and viruses
Cells of Chlorella strain NC64A (Muscatine et al., 1967)
were cultured in a modified Bold’s basal medium (MBBM)
as described previously (Van Etten et al., 1983). C. vulgaris
C-169 was obtained from the algal culture collection of the
Institute of Molecular and Cellular Biosciences, University
of Tokyo. C. prototechoides 211-6 and Chlorella sp. SAG-
241-80 were from Sammlung von Algenkulturen, Pflanzen-
physiologisches Institut der Universitat Goettingen. These
strains were cultured in MBBM at 25 jC in the light, except
for strain SAG-241-80 that was grown in Jaworski’s medi-
um (Thompson et al., 1988) supplemented with 0.2% Lab-
lemco powder (Oxoid, Hampshire, UK). Chlorovirus CVK2
and other NC64A viruses were isolated from natural waters
in Japan and Brazil by plaque-forming assays with Chlo-
rella strain NC64A as a host (Yamada et al., 1991, 1993).
Pbi viruses, CVGW1, and CVSN1 and CVSN2, were
isolated from natural waters from in Galway, Ireland, and
Paris, France, respectively with Chlorella sp. SAG-241-80as a host. Chlorovirus PBCV-1 was a kind gift from Dr. J. L.
Van Etten.
Preparation and separation of viral proteins
Purified viruses (1 A260 unit per sample) were suspended
in a sample buffer containing 10% glycerol (wt/vol), 5%
mercaptoethanol (vol/vol), 3% sodium dodecyl sulfate
(SDS), 62.5 mM Tris–HCl (pH 6.8), and 0.01% bromo-
phenol blue and heated at 100 jC for 3 min. The samples
were placed onto a 10% polyacrylamide gel and electro-
phoresed in the buffer described by Laemmli (1970).
Proteins were stained with Coomassie brilliant blue R-
250. Molecular mass markers were obtained from Amer-
sham Bioscience (an LMW calibration kit for smaller
proteins and an HMW calibration kit for larger proteins).
For cell wall-binding assay, purified CVK2 was treated with
10.2 M urea containing 1.46% SDS at room temperature for
5 min and separated by ultracentrifugation at 175000  g
for 5 h. Solubilized CVK2 proteins were dialyzed against
phosphate-buffered saline (PBS). Approximately 10 Ag of
CVK2 proteins was mixed with the cell wall materials
(CWM) prepared as described below in 60 Al PBS at room
temperature for 5 min. The CWM was precipitated by
centrifugation at 18000 g for 1min andwashedwith 0.1M
phosphate buffer six times. After suspension in a sample
buffer for SDS-PAGE and heating, the CWM was precipitat-
ed as above and the supernatant was subjected to SDS-PAGE.
Proteins were stained with a silver staining kit (Amersham
Bioscience) according to the manufacturer’s instructions.
Protein bands separated by SDS-PAGE were transferred onto
a PVDF nylon filter (Immobilon PVDF, Millipore) with a
Semi-Dry transfer cell (Bio-Rad). Protein bands were sub-
jected to N-terminal peptide sequence analysis on an Applied
Biosystems, Model 492 protein sequencer as described by
Songsri et al. (1997).
Cyanogen bromide (CNBr) cleavage of proteins was
performed as follows. Samples were suspended in 0.1 M
Tris–HCl, pH 8.0, 3% SDS, 1 M dithiothreitol, and 20 mM
2-hydroxyethyldisulfide and heated at 100 jC for 2 min. A
30-Al aliquot was mixed with 70 Al of formic acid contain-
ing 5 mg of CNBr and incubated at room temperature for 4
h. The reaction was stopped by heating to 50 jC for 5 min
and adding 200 Al of N-ethylmorpholine to neutralize the
formic acid (Skopp and Lane, 1988).
Preparation of DNA and RNA
DNA was isolated from purified virus particles by
phenol extraction as described previously (Yamada et al.,
1991). DNA restriction fragments (digested with EcoRI)
separated by agarose gel electrophoresis were transferred
to nylon filters (Biodyne, Pall BioSupport), hybridized
with probes labeled with fluorescein (Gene Images Kit,
Amersham Bioscience), and detected with a CDP-Star
detection module (Amersham Bioscience). Total RNA
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NC64A cells as described previously (Yamada et al.,
1997), blotted onto nylon filters, and hybridized with
32P-labeled probes. Washed filters were autoradiographed
for 24–72 h.
DNA cloning and sequencing
To amplify the gene for Vp130, a set of oligonucleotide
primers for PCR was designed as follows: 5V-ATAA-
GAGCTCATGTCATCTGAAGAAACTGC-3V (forward
primer) corresponding to the 5V region of A140R (PBCV-
1) and 5V-ACGAAGCTTTCATTTATTTTTTAGGTGCGG-
3V (reverse primer) corresponding to the 3V region of
A145R (PBCV-1). The amplified CVK2 and PBCV-1
DNA fragments (3.4 kbp) were directly connected to a
pGEM-T Easy vector (Promega) and cloned into E. coli
JM109. DNA sequencing by the dideoxy method was
performed in an Automated Laser Fluorescence (ALF)
DNA sequencer (Amersham Bioscience). The nucleotide
sequence determined for the 3385-bp CVK2 Vp130 has
been deposited with the DDBJ/EMBL/GenBank databases
under Accession No. AB112428.
Preparation and purification of a GST-rVp130N fusion
protein
To make a glutathione-S-transferase (GST)-rVp130N fu-
sion protein in-frame with a pGEX-4T-3 vector, a SmaI site
and a NotI site were added before the translation initiation
codon and before the stop codon (TAG), respectively, by
polymerase chain reaction (PCR) with primers 5V-
TCCCGGGGAATGTCATCTGAAGAAACTGCT-3V (for-
ward primer) and 5V-GAAGCGGCCGCTTATTTTT-
TTAGGTGCGGGT-3V (reverse primer); the SmaI and NotI
sites are indicated in italics. The amplified CVK2 DNA
fragment was digested with SmaI and NotI and ligated to
the corresponding sites of vector pGEX-4T-3 (Amersham
Bioscience), which allowed in-frame insertion. The resulting
plasmid (pVp130) was expected to direct the production of a
hybrid protein of approximately 150 kDa composed of a 27-
kDa portion of GST fused to the Vp130 protein (120 kDa). E.
coliBL21 transformedwith pVp130was cultured for 2–3 h at
28 jC. Protein expression was then induced by addition of
0.1 mM isopropyl-h-D-thiogalactopyranoside for 12
h according to the manufacturer’s instructions. Bacterial cells
were lysed by sonication in PBS, pH 7.3, containing 1%
Triton X-100. However, a protein with the expected size was
not accumulated in bacterial cells. To exclude the 3V-repet-
itive sequence that may have an inhibitory effect, pVp130
was then digested with EcoT22I and NotI and reclosed by
DNA ligase after being filled-in with T4-DNA polymerase.
By this treatment, a 700-bp 3V region of the Vp130 gene
which contains all 23 repetitions of PAPK was excised. The
resulting plasmid (pVp130N) was introduced into E. coli and
treated as above. The hybrid protein composed of a 27-kDaGST and a 95-kDa Vp130 fragment (rVp130N) was purified
by affinity chromatography on a glutathione-Sepharose 4B
column (Amersham Bioscience). After digestion with throm-
bin, the rVp130N fragment was separated by affinity chro-
matography and used for cell wall-binding assays and
immunization of mice by standard methods.
Immunological techniques
The purified rVp130N fragment (200 Ag) was emulsified
in complete Freund’s adjuvant and injected subcutaneously
into female mice (BALB/C, 5 weeks old). Subsequent
boosts with antigen in incomplete Freund’s adjuvant were
given at 10-day intervals. Mouse serum was collected 1
week after each boost. For immunoblotting analysis, viral
protein samples were prepared as described above and
electrophoresed by SDS–10% PAGE (Laemmli, 1970).
The proteins were electroblotted onto a nylon filter (Immo-
bilon PVDF, Millipore) with a Semi-Dry transfer cell (Bio-
Rad). After blocking with 5% nonfat milk–0.2% Tween 20
in PBS for 4 h, the filter was treated successively with
primary (anti-Vp130) and secondary (alkaline phosphatase-
conjugated sheep anti-mouse immunoglobulin G) (Boeh-
ringer Mannheim) antibodies for 1 h at room temperature in
1% BSA–0.2% Tween 20 in PBS. The blot was rinsed
twice with 100 mM Tris–HCl (pH 9.5) containing 100 mM
NaCl and 50 mM MgCl2 and reacted with 5-bromo-4-
chloro-3-indolyl phosphate and nitroblue tetrazolium. Bind-
ing of rVp130N to the surface of Chlorella cells was
detected by immunofluorescence. A 500-Al sample of
Chlorella cells at a mid-log phase (4  107 cells/ml) was
mixed with rVp130N (190 Ag) at room temperature for 10
min, then washed three times with fresh MBBM, and treated
with anti-rVp130N antibody (2 Al) in 200 Al PBS containing
1% BSA at 37 jC for 1 h. The cells were then washed three
times with PBS, treated with 2 Al of fluorescein isothiocya-
nate (FITC)-conjugated anti-mouse immunoglobulin G
(Goat F(ab’)2 Anti-mouse Igs, Biosource, Camarillo, CA)
at 37 jC for 1 h, and washed three times with PBS. The
cells were observed under an Olympus BX60 fluorescence
microscope.
Preparation of cell wall materials of Chlorella NC64A cells
Liter cultures of NC64A cells grown in MBBM (4 
107 cells/ml) were harvested by centrifugation at 1000  g
for 10 min at 4 jC, washed twice with distilled water, and
homogenized in a mortar with a pestle under liquid
nitrogen for 1 h. The homogenate was suspended in 20 ml
of 1% SDS, vortexed for 3 min at 4 jC, and centrifuged at
10000  g for 15 min at 4 jC. The upper white layer of the
precipitate was recovered with 20 ml of 1% SDS. This
extraction was repeated several times and the cell wall
materials (CWM) were resuspended and washed in 5 ml
distilled water twice. After dialysis in Seamless Cellulose
Tubing (pore size 12–14 kDa; Viskase Sales Corp.) against
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proteinase K (6 mg/ml) in 10 mM phosphate buffer (pH 7.0)
at 37 jC overnight and used for Vp130 binding assays.
Virus adsorption assay and inhibition of CVK2 infection by
anti-rVp130N antibody
Cells of Chlorella sp. NC64A growing exponentially
were harvested and pretreated with rVp130N: 200 Al of cell
suspension (107 cells/ml) was added with various amounts
of rVp130N protein. After standing at 25 jC for 10 min, the
cells were washed and suspended in 200 Al of MBBM. The
adsorption of CVK2 (Chuchird et al., 2001) to the
rVp130N-treated Chlorella cells was assayed by addition
of 50 Al of virus preparation containing 500 pfu of CVK2 to
the cell suspension. The samples were incubated for 30 min
at 25 jC and centrifuged at 5000  g for 10 min at 4 jC.
Aliquots of 100 Al (equivalent to 200 pfu of CVK2) were
tittered by plaque assay with strain NC64A as a host (Van
Etten et al., 1983). To investigate the inhibition of viral
infection by the anti-rVp130N antibody, CVK2 particles
(approximately 200 pfu in 100 Al of MBBM) were treated
with various amounts of anti-rVp130N antibody at 25 jC
for 30 min and subjected to plaque assay with Chlorella
strain NC64A as the host.Acknowledgments
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